The perceived direction of a moving line changes, often markedly, when viewed through an aperture. Although several explanations of this remarkable effect have been proposed, these accounts typically focus on the percepts elicited by a particular type of aperture and offer no biological rationale. Here, we test the hypothesis that to contend with the inherently ambiguous nature of motion stimuli the perceived direction of objects moving behind apertures of different shapes is determined by a wholly empirical strategy of visual processing. An analysis of moving line stimuli generated by objects projected through apertures shows that the directions of motion subjects report in psychophysical testing is accounted for by the frequency of occurrence of the 2D directions of stimuli generated by simulated 3D sources. The completeness of these predictions supports the conclusion that the direction of perceived motion is fully determined by accumulated behavioral experience with sources whose physical motions cannot be conveyed by image sequences as such.
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inverse problem ͉ motion ͉ perception ͉ vision ͉ perspective transformation W hen an object moving at a constant speed in a given direction is seen through an occluding aperture the perceived direction of movement is determined by the shape of the aperture and the orientation of the object (typically a rod or line) (see Movies S1-S3). This phenomenon was first studied in detail by Hans Wallach more than 70 years ago using rods that were physically moved behind apertures of various shapes (1) . Because of their relevance to understanding the neural basis of motion processing, the puzzling nature of these percepts, collectively referred to as ''aperture effects,'' has attracted much attention ever since (2) (3) (4) (5) (6) (7) (8) .
The approach to rationalizing aperture effects most often cited is based on computations of local image features at the aperture boundaries. In some models, the supposition is that the visual system calculates the local velocity vectors (2, 3, (9) (10) (11) (12) (13) . However, as generally acknowledged (3) , predicting the perceptions elicited by apertures in these terms requires additional assumptions such as constant velocity fields (11) (12) (13) , object rigidity (14) (15) (16) , and/or ''smooth'' object motion (3, 16) . Other computational models have focused on the spatiotemporal energy of local features (17) (18) (19) (20) (21) (22) or have used a Bayesian approach (7, 8, 19) to better tie theory to the observed receptive field properties of visual neurons. Whereas each of these models contends successfully with one aspect or another of the perceptual phenomenology described by Wallach, they deal with a single type of aperture, such as a circle or rectangle. Moreover, none of these existing theories provides a biological explanation for why the perceived directions of motion seen through apertures should differ systematically from the physical direction of motion.
An alternative framework for understanding aperture effects, and perhaps the perceived direction of motion generally, is suggested by recent work on the perception of form elicited by stationary images (23) . Such studies (23) (24) (25) (26) have shown that many otherwise puzzling percepts generated by geometrical stimuli can be explained in terms of accumulated information about the relationship between 2D images and 3D sources obtained by laser range scanning of natural scenes. These data serve as a proxy for the experience of humans as they have interacted with the objects and conditions in the world over evolutionary time, allowing experimental tests of the hypothesis that the discrepancies between physical and perceived geometry reflect a wholly empirical strategy of visual processing. The biological rationale underlying this strategy is that projected images cannot specify their real-world sources, a quandary referred to as the inverse optics problem (Fig. 1) . By generating percepts that reflect accumulated information discovered by trial and error about how images and their sources are related, generally successful visual behavior is possible in principle, the inverse problem notwithstanding (23, 27) . Given the ability to explain many otherwise puzzling percepts elicited by stationary stimuli on this basis, we here ask whether this same empirical strategy could explain the perceived direction of motion when image sequences are projected through apertures. Specifically, we show that when 3D objects are transformed by perspective projection onto a 2D image plane different probability distributions of 2D directions of object movements are generated depending on the shape of the aperture. The fact that accumulated human visual experience with these probability distributions matches the perceived direction of motion seen through apertures supports the hypothesis that the range of complex aperture effects arises on this basis.
Results
To test the merits of an empirical explanation of perceived direction, a database is required that captures the major features of human experience with the relationships between 2D projections of translating objects and corresponding 3D sources. However, there is no technology at present that can determine the relationship between image sequences and their physical sources. Accordingly, we created a simulated environment in which the projected images of moving linear objects with known trajectories, speeds, and orientations could be analyzed (see Materials and Methods and Fig. S1 ). By repeatedly sampling the directions of linear image sequences arising from objects moving in the environment, we could determine the frequency of occurrence of directions of image sequences generated by these 3D sources, thus simulating the stimuli that people would always have experienced as a result of the perspective projection of rods or lines. We then used this information to test the idea that the perceived direction of such objects moving behind an aperture is empirically determined. If the hypothesis is correct, then the perceived directions reported by observers in corresponding psychophysical tests should be accurately predicted by the probability distributions of projected directions extracted from the database.
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Projected Directions of Unoccluded Lines. We first considered the directions of projected 2D lines generated by unoccluded objects moving in all possible directions at a variety of speeds in the 3D environment (Fig. 2) . Projected images of lines oriented from 30°t o 60°having any length and occurring at any location on the image plane were sampled in 5°increments (Fig. 2 A; see Materials and Methods). As shown in Fig. 2B , when not occluded by an aperture, linear objects with 3D orientations and directions of movement randomly assigned from uniform distributions generate projected lines moving more or less equally in all directions on an image plane. This distribution thus approximates the frequency of occurrence of the 2D directions that humans routinely experience arising from moving 3D lines that are not occluded.
Biased Directions Experienced When Lines Are Occluded by Apertures.
In contrast to the approximately uniform distribution of image directions generated by unoccluded 3D lines, when linear objects move behind an aperture the probability distributions of directions of linear image sequences are specifically constrained by the shape of the aperture and the orientation of the projected lines. As a result, only a subset of the image directions shown in Fig. 2B is generated; most obviously, for any projected line moving in a particular direction within an aperture, say left to right, only half the full range of directions in Fig. 2B is possible. Testing the hypothesis that the puzzling effects elicited by any specific aperture are determined by the frequency of occurrence of the directions of linear image sequences therefore rests on the ability to accurately predict the percepts reported in psychophysical testing.
Predictions of perceived direction were evaluated for 3 different apertures: a circle, a vertical slit, and a right triangle. Although the shapes of these apertures are all quite simple, the perceptual consequences are varied and complex (see ref. 1 and following sections). Because many complex geometrical shapes can be decomposed into these basic forms (e.g., a closed rectangle as a junction of 2 right triangles and a vertical slit), the analyses we describe apply broadly. If motion perception is empirically determined, then the perceived direction of lines in any aperture should be quantitatively accounted for by the probability distributions of the projected line directions.
Empirical Effect of a Circular Aperture. To examine the effect of a circular aperture on the probability distribution of directions of linear image sequences arising from objects in the simulated environment, an aperture template in the form of a circle was constructed ( Fig. 3A) and systematically applied to all regions of the image plane. For a given orientation (e.g., 45°), we counted as a valid sample any linear sequences moving on the image plane that: (i) traversed a distance equal to or greater than the diameter of the circular template (5°of visual arc), (ii) traveled in a direction within Ϯ 90°of the direction normal to the line orientation, and (iii) continuously intersected or contacted the aperture template boundary. The results are shown in Fig. 3B for 7 different projected line orientations. Each graph in Fig. 3B indicates the distribution of the directions of linear image sequences capable of generating the relevant image sequence. These distributions represent, to a first approximation, the accumulated 2D directions that human observers have experienced in each circumstance; the geometrical reasons for the systematic biases in the distributions are explained in Discussion.
If the perceived direction of movement of a line occluded by a circular aperture is indeed determined by accumulated experience, then the mode of the probability distributions of image directions obtained by sampling through the circular aperture (red arrows in Fig. 3B ) should predict the perceived directions (the mode of the distribution indicates the behavioral response that would have been most often successful over evolutionary time; see Discussion). Using a circular aperture subtending the same visual angle as that used in the database analysis, we carried out psychophysical tests to examine the directions perceived by observers in response to image sequences with the same projected orientations (green arrows in Fig. 3B ; see Materials and Methods). As expected from the results in previous studies (1, 4) , no matter what the orientation of the projected line sequence, observers always perceived directions of movement perpendicular to the line orientation. The close correspondence of the red and green arrows in Fig. 3B supports the hypothesis that the most frequently occurring 2D line direction arising from the 3D sources capable of projecting image sequences through a circular The probability distribution of the directions of movement on the image plane determined by sampling all of the image sequences generated by objects indicated in A. Angles around the perimeter of the polar coordinate graph indicate the projected directions of movement; 0°in this and subsequent figures indicates the direction of motion perpendicular to the orientation of the projected line. The distance from the center to any point in the coordinate system is the probability of image sequences moving in that direction.
aperture determines the perceived directions reported by subjects (see Table S1 for additional details).
Empirical Effect of a Vertical Slit Aperture. The second type of aperture we considered was a vertical slit. To examine the probability distributions of lines projected through a vertical slit, a template in this form was applied to all possible locations of the image plane; the distribution of directions of linear image sequences in different orientations was then analyzed as described in the previous section. An image sequence in this case was considered a valid sample if it intersected or contacted the 2 vertical edges of the aperture on the image plane while traversing at least 10°of arc (Fig. 4A) . The probability distributions of the directions of linear image sequences that satisfied these criteria are presented in Fig. 4B ; these distributions approximate the frequency of occurrences of the 2D directions projected onto the retina when lines move behind a vertical slit. The red arrows in Fig. 4B indicate the predicted directions of perceived motion based on the frequency of occurrence of the directions of linear image sequences generated in this circumstance; the green arrows in Fig. 4B indicate the perceived directions observed in psychophysical testing. The empirical predictions are again in good agreement with psychophysical results (see Table S1 ).
These results provide a more compelling case for the empirical basis of perceived motion than the predictions of the percepts elicited by a circular aperture. The results in Fig. 4B confirm an earlier finding (28) that the perceived direction of motion is increasingly biased away from vertical as the orientation angle of the projected line in the aperture increases. Whereas the perceived directions elicited by a circular aperture are predicted by all of the various approaches mentioned earlier, those elicited by a vertical slit aperture have not been recognized or explained (the geometrical reasons for the deviations as a function of orientation are again given in Discussion and SI Text). The accurate prediction of these more subtle effects (compare the deviation of the colored arrows with the vertical arrow for each orientation in Fig. 4B ) offers strong support for the conclusion that the directions we perceive are empirically determined. The empirical predictions account for 99% of the variance of the observed data (R 2 ϭ 0.989; note that an R 2 value is not applicable to the circular aperture because there is essentially no variability in the observed and predicted values).
Empirical Effect of a Triangular Aperture. The third type of aperture we examined was a right triangle, which presents still further challenges for any explanation of perceived direction. Wallach (see ref. 1) reported that the directions of movement observers see when rods move behind such apertures deviated either clockwise or counterclockwise from the direction normal to the moving line whenever its orientation was not at 45°with respect to the aperture. Thus, an opposite deviation in perceived direction occurs when the object behind the aperture travels further along one arm of the triangle than the other. To our knowledge there has been no attempt to explain these anomalies.
To examine how projection through a triangular aperture affects the frequency of occurrence of 2D line directions in different orientations on the image plane, we applied a right triangular template to extract data for each of the projected line orientations (Fig. 5A) . As for the other apertures, the empirical predictions given by the modes of the distributions (red arrows in Fig. 5B ) were compared with the same configurations tested psychophysically (green arrows in Fig. 5B ). The results of psychophysical testing confirm Wallach's observation that perceived direction in this circumstance varies as a function of the orientation of the moving line in the aperture. For example, when the projected line orientation was 30°, the observed direction showed a 26°counterclockwise bias with respect to the direction normal to the line. However, when the orientation of the projected line was 60°, the perceived direction showed a 27°c lockwise bias. In short, the perceived direction was always biased toward the longer arm of the right triangle when the line orientation differed from 45°(see Table S1 ). As before, the empirical predictions based on the frequency of occurrence of the projected directions experienced by observers accurately capture the pattern of anomalous perceptual biases (R 2 ϭ 0.967). The geometrical explanation of these biases and their significance are also given in Discussion and SI Text.
Discussion
Because an image sequence cannot be directly linked to the physical direction of its 3D source, the projected direction of a moving line in any occluding aperture is inherently ambiguous. Indeed, as indicated in Fig. 1 , this ambiguity pertains to the projected direction of unoccluded and occluded lines. Nonetheless, all such stimuli immediately elicit perceptions of unique and definite directions that we routinely use in generating visually guided behavior. Understanding how the visual system accomplishes this remarkable feat is thus a fundamental challenge in rationalizing the perception of motion.
The hypothesis examined here is that the direction of perceived motion in the context of apertures is determined entirely by accumulated experience with the linear image sequences generated by the 3D sources, discovered by humans acting in the world over the course of evolutionary time and realized in visual circuitry by natural selection (see next section). We tested this explanation of aperture effects by determining the frequency of occurrence of the directions of linear image sequences generated when 3D linear sources project through different apertures, comparing the empirical predictions with corresponding perceptual reports. The results show that the frequency of occurrence of the directions of image sequences generated by linear objects moving in 3D space can account for the major aperture effects described in the literature, including subtle biases in perceived direction. The study thus supports the conclusion that perceived directions of motion are determined by a strategy capable of producing successful behavior in the face of the inverse problem (see Fig. 1 ).
Mechanisms Underlying an Empirical Strategy of Motion Perception.
The underlying neural mechanisms for this empirical strategy in which the mode of the accumulated information corresponds to the direction of perceived motion are not known. Our presumption is that these responses have been instantiated as visual reflexes over millions of years of hominid and prehominid evolution as natural selection acted on randomly varying circuitry; as a result, slightly greater reproductive success would tend to promote more successful behavior and the underlying circuitry in each subsequent generation. Contending with the inverse problem in this way seems inevitable in the evolution of biological vision, even though the consequences permit only statistical success. For example, actually reaching through an aperture to seize a rod based on perceived directions determined by the distributions illustrated in Figs. 3-5 would often be inaccurate. Nonetheless, perceptual and/or motor responses that accorded with the mode of the distributions determined by past experience would give observers the best chance of dealing successfully with moving objects that vision is unable to inform observers about directly. (See SI Text for further discussion of these points with respect to other approaches to vision).
Why Projections Through Apertures Are Constrained in Particular
Ways. To better understand the geometrical basis for the biased distributions in Figs. 3-5 , consider the directions of linear image sequences projected through a circular aperture. As shown in Fig. 6A , for a line in any particular orientation there is a direction of motion (black arrow) that entails the minimum projected length (red line) that can fully occupy the aperture. A projected image of a line traveling in any other direction must be longer if it is to fill the aperture (Fig. 6A, blue line) ; shorter lines will fall inside the aperture boundary at some point in their traverse, producing a very different stimulus and a different perceived direction of motion. Because a line of any length includes all shorter lines, there are far more projected lines moving orthogonally to their orientation that satisfy the aperture than lines moving in other directions. As a result, the distribution of directions that satisfies a circular aperture is strongly biased in the direction normal to the orientation of any line, as indicated by the probability distributions in Fig. 3B . Note further that although the shape of the distribution may change as the size of an aperture changes, the mode of the distribution tends to be invariant. This simple fact about projective geometry explains the major bias generated by a circular aperture, and thus how humans have always experienced image sequences of linear objects moving behind an aperture of this sort. Indeed, this reasoning applies to any aperture; that is, a strong directional bias will always be produced in this way, although the direction will specifically depend on the shape of the aperture.
The bias generated for all apertures by the inclusion of shorter lines within longer ones is not the only influence acting on the frequency of occurrence of projected directions. For example, perspective requires that images have dimensions that are smaller than or equal to the dimensions of physical objects that gave rise to them (Fig. 6B) . As a result, the ovoid distributions of the 2D directions of image lines translating in a circular aperture are narrower toward the center of the polar coordinate graph than would be expected from the effect illustrated in Fig.  6A alone (see Fig. 3 ). For a circular aperture, this additional influence of perspective does not affect the mode, which remains orthogonal to the orientation of the line. In a vertical slit or triangular aperture, however, the bias illustrated in Fig. 6B causes the frequency of occurrence of the 2D directions of the line to change as a function the orientation in the image sequence (see Figs. 4 and 5) . The reason is that the line length in the image and distance traveled needed to satisfy the aperture in these cases are not the same, as they are for a circular aperture. Thus, the generation of more short lines and travel distances arising from perspective varies as the orientation of the line in these apertures changes, explaining the specific biases in Figs. 4B and 5B (see SI Text for further details).
In summary, perspective projection causes the frequency of occurrence of the 2D line directions generated by different apertures to vary in specific ways. These different frequencies describe, again to a first approximation, the way the projection of lines subjected to the sorts of occlusions that routinely occur in natural viewing have always stimulated the human visual system, and thus how people have experienced the relationship between these image sequences and the physical movements of their sources.
Why an Analysis of Movies Cannot Provide the Needed Data. An important question that naturally arises is why an analysis of the frequency of occurrence of the directions of motion extracted from movies or videos would not suffice for testing the empirical hypothesis examined here. Practical problems aside, it should be clear that image sequences as such cannot provide the information that is needed to overcome the inverse problem (see Fig. 1 ). Because images collapse all information about depth into a plane and otherwise distort the relation between objects and their projections (see Fig. 6B ), image sequences by themselves cannot serve as useful guides to the actual directions of the moving objects that observers must respond to. As explained earlier, an empirical account of motion perception depends on an association of 2D images with their 3D sources, because the success or failure of behavior is the driving force for the evolution of the visual circuitry that ultimately accomplishes this goal.
Limitations of the Simulated Environment. Because current technology cannot provide the needed information about the actual Fig. 6 . Geometrical explanations of the biased directions generated by projection onto an image plane. (A) Because longer lines necessarily include shorter lines, the occurrence of projections that fill the aperture generated by the red line moving in the direction indicated by the black arrow on the left will be always be greater than the occurrence of projections generated by the blue line moving in another direction indicated by black arrow on the right. Thus, the most frequently occurring projected direction when linear objects move behind a circular aperture will always be the direction orthogonal to the orientation of the projected line (gray arrows). For other apertures, however, the direction of the shortest line will be different (see Fig. S5 sources of image sequences, a simulated environment of the sort we used is, for the time being, the only avenue available to assess the frequency of occurrence of the image directions generated by moving objects. An obvious concern in this approach is therefore the assumptions about object motion that any simulation entails. For example, the uniform distribution we used for the sake of simplicity is certainly not accurate. Given the constraints imposed by the terrestrial surface and by gravity, horizontal and downward directions of object movement must be more prevalent in the world than upward movement. Failure to include these and other factors raises the question of how our empirical predictions would be affected if there had been a principled way to take such real-world biases into account.
To examine this issue, we generated an additional database in which horizontal and downward 3D directions of movement were 50% more likely than other trajectories (implemented as a gradual increase in directional bias as direction vectors varied from the horizontal axis). The predictions from the probability distributions extracted from these biased simulations for the 3 different apertures are presented in Fig. S2 and Table S1 . The difference between the 2D distributions of directions in Fig. 2B and Fig. S2 A suggest that predictions based on these simulations should be quite different. However, the consequences of perspective transformation are not especially sensitive to variations in the distribution of 3D directions. As a result, predictions from simulations with differently biased 3D distributions of direction ( Fig. S2 B-D) are much the same as those presented in Figs. 3B-5B. Nevertheless, these presumably more realistic data do provide somewhat more accurate empirical predictions, especially of the perceived direction for the triangluar aperture. This improvement suggests that probability distributions derived from the image sequences of moving objects in nature will be needed to accurately predict motion percepts in response to stimuli that involve more complex objects and apertures. (See Fig. S3 for the combined presentation of the observed and predicted directions from the 2 simulations for all line orientations tested).
Materials and Methods
Generating an Image-Source Database. A pinhole camera model in the shape of a frustum was used to simulate image formation from moving linear objects. The same model was also used in Wojtach et al. (29) with the exception that all objects in the current study were lines (see SI Text and Fig. S1 for details). The initial position, orientation, length, direction of movement, and speed of linear objects were determined by randomly assigning 3D position coordinates and direction and orientation vectors from a uniform probability distribution (see SI Text for further details). Approximately 4.5 ϫ 10 8 linear objects were generated in this way and sampled as described in the following section.
Sampling Projections with Aperture Templates. The projected directions of lines were calculated from the midpoint of the lines translating across the image plane. To acquire the unoccluded data (see Fig. 2 ), all projections, regardless of their lengths and positions on the image plane, were considered as long as their projection satisfied one of the specific angles of orientation that were tested psychophysically (30°-60°in 5°increments, measured from the horizontal axis to tolerances of Ϯ 0.5°). Because some projected lines undergo rotation as they traverse the image plane, only lines that rotated less than Ϯ 1°from the angle of orientation under consideration were counted; this procedure excluded Ͻ18% of all image sequences.
To collect similar data for each of the 3 apertures examined (Figs. 3-5) , the same criteria were used to analyze projected line sequences. Any projected line sequence that generated stimuli similar to those presented in psychophysical testing were sampled. The frequency of occurrence of image directions were represented as probability distributions with a bin size of 1°in polar coordinate graphs for each line orientation (Figs. 2B-5B ). Empirical predictions were made according to the most frequently occurring image direction (the mode) in the probability distribution for the aperture shape in question (see Discussion).
Psychophysics. The perceptual responses of 7 subjects (4 naïve subjects and the 3 authors) were examined for all 3 apertures. All subjects had normal or corrected-to-normal vision and gave their consent according to the requirements of the Duke University Health System. The stimuli were configured in the same way as the sampling templates (see Fig. S4 ). Although these stimuli were simple, they captured the key aspects of experience with moving objects in natural conditions (see also ref. 30) . Further details of the testing procedures can be found in SI Text.
